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Neuron migration is an essential process of nervous system development.  Neurons must 
migrate to specific targets in the body for the nervous system to function.  The nematode 
Caenorhabditis elegans is a model organism that shares developmental processes like 
neuron migration with humans.  Anterior lateral microtubule (ALM) neurons migrate a 
proportionately great distance in C. elegans, and are ideal for studying mutations of the 
proteins involved in neural migration.  cle-1 and srf-8, cause mispositioning of the ALM 
neurons.  cle-1 encodes a type XVIII collagen CLE-1, found concentrated in the nervous 
system, and srf-8 encodes a p24 protein implicated in the secretory pathway involved in 
neuron motility.  The goal of this study is the generation of a cle-1; srf-8 double-mutant 
strain to enable the investigation of their combined effect on ALM migration.  This 
would allow for an improved understanding of the molecular mechanisms responsible for 
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 The nervous system is essential to animal life.  It can determine the morphology 
and physiology of an organism, and how that organism interacts with the environment.  
An important aspect of the nervous system is its development – specifically, neuron 
migration.  Neurons are the basic unit of the nervous system, and each neuron connects 
specific components of the system.  Neurons are responsible for conducting electrical 
impulses (information) from one location, and can sometimes extend to proportionately 
large lengths within a given organism.  Neuron guidance is an important developmental 
phenomenon wherein axons or neural cell bodies are directed to specific targets and must 
forge specific connections.  The path these neurons follow is often essential to the proper 
functioning of the organism’s nervous system.   
 Studying neuron migration is complicated by its nature.  Because it is primarily a 
developmental phenomenon, it is best to study mutations that alter neuron guidance, 
rather than changes that occur after their development.  Model organisms provide the best 
platform for this kind of research, as they are widely researched and typically better 
understood than other organisms by definition.  Most model organisms of the animal 
kingdom are small and reproduce more quickly with fewer genes than humans.  
Nevertheless, it is often possible to derive information about human developmental 
processes through the observation of simpler organisms, as many of the mechanisms 
nervous system development are conserved.   
 Caenorhabditis elegans is a model organism.  A healthy wild-type strain of C. 
elegans has a life cycle of approximately two weeks, with about three days from its 
embryonic state to its adult form (Altun and Hall, 2002-2006).  A hermaphrodite can also 
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lay more than 300 eggs in a lifetime, and more than 1,000 when inseminated by a male.  
This reproductive pace makes C. elegans convenient for studying mutational changes 
rendered by genetic crosses.  Moreover, C. elegans typically has only six pairs of 
chromosomes in a body of only 959 cells in an adult hermaphrodite (and only 302 
neurons), with the genome and cell fate of every cell currently mapped out (Sequencing 
Consortium, 1998).  Given these features, C. elegans is ideal for the study of mutations of 
neural development.   
 The cle-1 mutation refers to a deletion in the NC1 domain.  The mutation’s 
corresponding protein, CLE-1, is concentrated in the nervous system.  CLE-1 is also a 
type XVIII collagen, conserved in more than 20 vertebrates (Ackley et al., 2001).  C. 
elegans with the cle-1 deletion are mostly viable but almost always sick.  In particular, 
these mutants have incompletely-penetrant neuron-guidance defects.  The cg120 strain of 
the mutation used in this experiment typically exhibits mispositioned and misdirected 
neurons, notably of the anterior lateral microtubule (ALM) neuron cell body, where 32% 
of ALM neurons appear mispositioned (Ackley et al., 2001).  ALM neurons are long, 
lateral touch receptors, which typically migrate from the anterior of the intestine to 
midway in the anterior of the C. elegans’ body (Altun and Hall, 2009).   
 The srf-8 mutation occurs with the dv38 allele.  This experiment used the CL264 
strain, which carries srf-8 alone. The srf-8 gene encodes for a member of the p24 family 
of proteins (Berninsone, unpublished results).  p24 proteins are involved in transport of 
proteins between the endoplasmic reticulum and the Golgi apparatus.  In particular, srf-8 
mutants have been demonstrated to have incompletely penetrant defects in ALM 
positioning, with 30-40% of the ALM neurons mispositioned (Marusich and Berninsone, 
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unpublished results).  The srf-8 mutation also has pleiotropic effects, demonstrating 
abnormal gonad morphology, egg-laying defects, cuticle abnormalities, uncoordinated 
movement, and developmental defects.   
 The cle-1 mutation exhibits ALM defects similar to those caused by mutations of 
the p24 proteins.  Though srf-8, as a mutation of a p24 protein, introduces demonstrated 
defects in transport between the endoplasmic reticulum and Golgi, it is unknown if the 
cle-1 deletion operates on the same pathway.  Here I hope to find if the cle-1 and srf-8 
mutations are acting on single or parallel pathways in their effect on the positioning of 





1. The construction of an sk4005; cle-1 double mutant. 
 
2. The construction of an sk4005; cle-1; srf-8 triple mutant.   
 




III. Materials and Methods 
 
 Nematode strains: The C. elegans var. Bristol (N2) was used as the wild type 
(WT).  The following mutant strains were used: cle-1(cg120), srf-8(dv38); sk4005(mec-
4::GFP), sk4005(mec-4::GFP).  The sk4005 strain visualizes mechanosensory neurons 
using the marker mec-4::GFP (Clark and Chiu, 2003).   
 Maintenance of stocks: Strains were maintained at 16° Celsius unless otherwise 
noted.  Stocks were kept on NGM lite, seeded with NA22.  Stocks were handled 
according to established protocol (Brenner, 1974).  
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 Double mutant cross (cle-1; sk4005): This cross was performed according to 
established protocols (Brenner, 1974).  NGM-lite plates were seeded with less than 
0.2mL of OP50, and male to hermaphrodite ratios were always greater than 3:1.  Males 
(WT) were crossed with hermaphrodites of the sk4005 strain.  Heterozygous male 
progeny that demonstrated the GFP marker were then crossed with homozygous 
hermaphrodites of the cle-1 strain.  Progeny were allowed to self-fertilize, and their 
offspring were tested for the presence of cle-1 and sk4005. (Figure 1) 
 





 Triple mutant cross (cle-1; sk4405; srf-8): This cross was performed according to 
established protocols (Brenner, 1974).  NGM-lite plates were seeded with less than 
0.2mL of OP50, and male to hermaphrodite ratios were always greater than 3:1.  Males 
(WT) were crossed with hermaphrodites of the cle-1; sk4005 strain.  Heterozygous male 
progeny that demonstrated the GFP marker were again crossed with homozygous 
hermaphrodites of the srf-8; sk4005 strain, but at 20° C in order to accelerate 
reproduction.  Progeny were allowed to self-fertilize, and their offspring were tested for 
the presence of sk4005, cle-1, and srf-8. (Figure 2) 
 




 Single-worm Polymerase Chain Reaction (PCR): This procedure was used to 
verify the presence of the cle-1 mutation in both the first and second crosses.  Individual 
wild type and mutant worms were placed in 2.5 µL of 1x PCR buffer with 10% 
proteinase K.  Worms were frozen at -80° C for at least fifteen minutes to lyse the cuticle.  
The worms were then incubated at 65° C for one hour from proteinase K digestion, and 
fifteen minutes at 95° C to deactivate proteinase K.  The genomic intervals containing the 
cle-1 deletion were isolated by cle-1 primers (Figure 3) in 20 µL mixture of 1x PCR 
buffer, MgCl2, dNTP, and Taq.  This mixture was incubated at 94° C for two minutes, 
and then cycled thirty-five times between 94° (45 seconds), 54° (one minute), and 68° 
(five minutes), and finally held at 68° for an additional five minutes in order to amplify 
the DNA fragment containing the cle-1 deletion.  The resulting DNA fragments were 
separated by electrophoresis in a 1% agarose gel stained with ethidium bromide.  The 
analyte molecules were observed under ultraviolet light to identify the cle-1 mutant 
(Figure 4).  
 
cle-1 primers (1/09): 
F  5’– CAG CAC CAC CAG CTT ATG GAA GTT –3’ 
B 5’– CTT TGG ATC CAT GCC AAA CTC GCT –3’ 






Figure 4.  PCR distinguishes between WT and cle-1 (cg120) mutant by deletion size.  






 Construction of the cle-1; sk4005 double mutant: The presence of the sk4005 
marker was confirmed with a GFP filter and ultraviolet light under microscope.  The cle-
1 deletion was confirmed after one generation by single-worm PCR using primers to 
amplify the cle-1 gene.  It was expected that approximately 25% of these sk4005-
confirmed mutants would be homozygous for cle-1.  Progeny of worms that tested 
positive and homozygous for the cle-1 deletion were maintained as cle-1; sk4005 stock 
(Figure 5).   
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Figure 5.  Single-worm PCR results of double cross.  The 1kb Ladder (LD) is far left 
and the WT (N2) and cle-1 controls adjacent.  The unknown (A-G) offspring are to the 
right.  The cle-1 deletion is shown here at 469-bp.  G’s offspring were frozen and saved 







 Construction of the cle-1; sk4005; srf-8 double mutant: The presence of the 
sk4005 marker was confirmed with a GFP filter and ultraviolet light under microscope.  
Due to slow and inconsistent life cycles among progeny of the first generation of 
potential triple mutants, it was difficult to distinguish between different generations after 
the first.  Offspring of the four original offspring of the cross were plated individually 
based on phenotypic characteristics.  All worms chose from the second generation 
fluoresced, moved slowly, appeared to have morphological disparities with worms of 
both original cle-1; sk4005 and srf-8; sk4005 strains, and all had protruding vulvas.  
These worms were allowed to self-fertilize, and were then tested for the cle-1 deletion.  
Three of these worms tested homozygous for the cle-1 deletion (Figure 6).  Srf-8 testing, 
via surface staining with WGA-FITC (link et al., 1992), was not completed by the time of 
writing, in part due to the very slow life reproductive cycles (approximately 2 weeks) and 
reduced fecundity of the mutant worms, and the number of worms required for the 































Figure 6.  Single-worm PCR results of triple cross.  The Ladder (LD) is far left and the 
WT (N2), cle-1, and srf-8 controls far right.  The unknown (A-D) offspring are in lanes 
3-6.  A appears to be heterozygous for cle-1, with the WT band at approximately 1600 











 Given the intended triple mutant containing the cle-1 mutation also has the srf-8 
mutation, some observations can be drawn from the phenotypic expression of said triple 
mutant.  The mutant appears to have even greater morphological defects than either the 
cle-1 or srf-8 mutations alone, with both an enlarged, uncoordinated figure and 
protruding vulva.  The srf-8 mutants used in this experiment do not typically exhibit a 
protruding vulva, whereas the intended triple mutant exhibits a protruding vulva in all 
gravid worms.  Moreover, these worms appear to have a reduced fecundity similar to that 
of srf-8, and more exaggerated than cle-1.   
 Given a significant increase in the percent (expectedly double) of defective ALM 
neurons scored in a triple mutant, it is likely that the cle-1 and srf-8 mutations operate on 
parallel pathways, and thus maintain their individual defects in the positioning of ALM 
neurons.  In the event that the triple mutant exhibits approximately the same degree of 
defect, it is likely that the cle-1 and srf-8 mutants operate on the same pathway, either 
mutation responsible for the same phenotypic outcome for the ALM neuron.   
 
 
VI. Future Directions 
 
 The first step that should be taken in the future is the surface staining of the cle-1 
confirmed, intended triple mutants, in order to confirm the presence of the srf-8 mutation.  
Given the successful creation of a triple mutant, ALM neuron positioning in the mutants 
should be scored in large numbers, and the cle-1; srf-8 mutant ALM positioning 
compared to that of the individual srf-8 and cle-1 strains.   
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 Given that they it is determined they operate on the same pathway, other 
mutations in the p24 family of proteins should be investigated for their interactions with 
the cle-1 mutation as well.  These experiments may provide information regarding the 
way in which the cle-1 mutation affects transport in the endoplasmic reticulum and Golgi 
apparatus, and possibly reveal further effects of cle-1 and srf-8 in the positioning of ALM 
neurons.  More directly, other neurons, particularly those that migrate greater distances 
(i.e. Hermaphrodite Specific Neurons), should be scored and compared to the single-
mutant strains in order to examine their interactions with other pathways known to be 
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